Abstract Sulforaphane, a type of isothiocyanate hydrolysed from glucosinolate, is a powerful anticancer compound naturally found in food especially in broccoli sprouts. Despite the function of sulforaphane has been extensively studied in recent years, little attention has been given to methods that can maximize the production of this compound in broccoli sprouts. The present study optimised the enzymolysis conditions for sulforaphane production in broccoli sprouts using response surface methodology. The maximum sulforaphane production (246.95 lg/g DW) was achieved using a solid-liquid ratio of 1:30, hydrolysis time of 1.5 h, ascorbic acid content of 3.95 mg/g DW sample, and temperature of 65°C. The highest sulforaphane content in broccoli sprouts were 233.80 lg/g DW in 5-day-old sprouts and 1555.95 lg/g DW at day 4 of storage. The highest antioxidant activities were 37.22 U/min/g DW in 3-day-old sprouts and 35.08 U/min/g DW on 4th day of storage.
Introduction
Broccoli sprouts are consumed globally because they contain large amounts of anticarcinogenic, antioxidant and health-promoting compounds, such as glucosinolates, polyphenolic compounds and vitamin C (Fahey et al. 1997; Tian et al. 2016) . Among these compounds, glucosinolates have attracted the most attention. The predominant glucosinolates in most broccoli varieties include glucoraphanin, glucoerucin and glucobrassicin. When broccoli sprouts are chipped, mechanically damaged or attacked by pest, glucosinolates directly bond with myrosinase and are mainly converted into isothiocyanates (ITCs), such as sulforaphane, erucin and iberin (Grubb and Abel 2006; Latté et al. 2011) . Myrosinase-catalysed hydrolysis of glucosinolates initially involves cleavage of the thioglucoside linkage, yielding D-glucose and an unstable thiohydroximate-O-sulfonate that is spontaneously rearranged, which results in production of sulfate and a wide range of possible reaction products (Fahey et al. 2003; Angelino and Jeffery 2014) . Sulforaphane (4-methylsulfinylbutyl isothiocyanate) is a naturally occurring, sulfur-containing, ITCs with excellent capacity to induce phase 2 enzymes, which are formed from glucosinolate (Nakagawa et al. 2006; Yeh and Yen 2009) . Epidemiological studies show that increased consumption of sulforaphane can reduce the risk of different cancers, particularly those of the bladder, colon and lung (Cartea and Velasco 2008) . Broccoli sprouts have been reported to have 20-509 the sulforaphane content of mature broccoli heads (Fahey et al. 1997) .
Several studies have been conducted on the optimal enzymolysis conditions for sulforaphane production. Travers-Martin et al. (2008) pointed out that the optimal pH and temperature of myrosinase activity ranges from 4.0 to 9.0 and from 20 to 70°C. Solid-liquid ratios have also been reported to influence the content of hydrolytic products, with the optimal proportion ranging from 1:10 to 1:40 (Powell et al. 2005; Kuang et al. 2013; Guo et al. 2014a ). The optimal hydrolysis conditions for sulforaphane in previous report as follows: temperature, 35°C; pH, 3.0 and hydrolysis time, 4 h (Han and Row 2011) . In addition, when epithelial specific protein (ESP) and Fe 2? bond together, large amounts of nitriles are easily formed which prevented the formation of sulforaphane (Bones and Rossiter 2006) . However, EDTA acts as a metal-chelator that can decrease Fe 2? concentrations and block the combination of these two substances (Guo et al. 2013 ). Other researchers have that reaction condition of 25°C and pH 4.0, as well as addition of 0.02 mg/g ascorbic acid are suitable for hydrolysis. An appropriate amount of ascorbic acid added to the hydrolysis solution can increase sulforaphane content, which may be attributed to the activity of a noncompetive activator of myrosinase. Excess ascorbic acid, however, could inhibit sulforaphane formation (Shikita et al. 1999; Shen et al. 2010) . In the present study, the solid-liquid ratio, hydrolysis time, ascorbic acid content and temperature are shown to perform important functions in enzymatic hydrolysis. Although a large number of research works regarding optimisation of enzymatic hydrolysis conditions have been conducted, few studies have considered the combined effects of these factors. Hence, methods of maximising the sulforaphane production in broccoli sprouts are worth investigating. Meanwhile, many of the natural antioxidants exhibit a wide range of biological effects, including antiviral, antibacterial, anti-inflammatory, antithrombotic, and vasodilatory actions (Velioglu et al. 1998) . Antioxidant activity is a fundamental property important for life. Many of the biological functions originate from this property, such as antimutagenicity, anticarcinogenicity, and antiaging. However, few studies have researched the total antioxidant activity of broccoli sprouts at different growth and storage days.
In the present study, the most important factors for sulforaphane production were optimised using response surface methodology (RSM). Sulforaphane in broccoli sprouts during different growth and storage days was extracted under optimal enzymolysis conditions and detected by high performance liquid chromatography (HPLC). The total antioxidant activity of the broccoli sprouts was also measured by a total antioxidant capacity (T-AOC) assay kit via the ABTS method. Results revealed the relationship of all of the important factors identified with sulforaphane production in broccoli sprouts for the first time. The model obtained can help researchers in accumulate sulforaphane for pharmaceutical and commercial use. In addition, sulforaphane content and total antioxidant activity in broccoli sprouts on different growth and storage days were compared to select the best broccoli sprouts for consumers.
Materials and methods

Plant material and cultivation condition
Broccoli seeds were obtained from XiaMen WenXing Vegetable Seed Co. First, 5 g of seeds was surface-sterilized by soaking for 2 h in 5 g/L sodium hypochlorite and then drained off. The seeds were again soaked in distilled water and then germinated under a controlled temperature of 25°C in their natural state on a filter paper in Petri dishes. Seedlings were grown without addition of any nutrients but were spray-watered 69 per day until harvest. The sprouts were collected from the surface of pots on the 2-9 days after germination and washed with running tap water. Finally, the broccoli sprouts were lyophilized and put into 4°C until analysis. The effect of cold storage on sulforaphane was examined by putting sprouts in -20 and 4°C condition. The fresh samples were used to detect antioxidant activity.
Chemicals
Sulforaphane standard was purchased from Sigma Chemical Co. (St. Louis, MO, USA). HPLC-grade acetonitrile was obtained from Tedia Company, Inc. (Ohio, USA). Analytical-grade ethyl acetate was purchased from Regent (Tianjin, China). Analytical-grade methanol and dichloromethane, as well as ascorbic acid, were all sourced from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Silica solid-phase extraction columns (200 mg/4 mL) were obtained from Alltech Associates, Inc. (Illinois, USA). All aqueous solutions were prepared with ultrapure water. Hydrochloric acid was purchased from XinYang Chemical Reagent Factory (XinYang, China). Acidic water (ultrapure water adjusted to pH 3.0 with 0.1 M hydrochloric acid) was used.
Sulforaphane extraction and purification
Extraction method was based on a previously described procedure with minor modifications (GU et al. 2012 ). Freeze-dried samples (0.2 g) were suspended in pH 3.0 acidic water at various solid-liquid ratios (1:20, 1:30, 1:40, 1:50 and 1:60) with various content of ascorbic acid (0, 2, 3, 4 and 5 mg/g DW). The mixtures were incubated at different temperatures (50, 55, 60, 65 and 70°C) for various hydrolysis times (1, 2, 3, 4 and 5 h). After incubation, the mixtures were extracted with 40 mL of dichloromethane by vortexing for 15 min and then stored at room temperature for 2 h.
Purification method was based on a previously described procedure with minor modifications (Han and Row 2011) .
Optimal conditions were applied on a silica SPE cartridge using ethyl acetate and methanol as the washing and eluting solvents, respectively, to eliminate interferences originating from the broccoli matrix. First, the silica SPE cartridge was conditioned with 3 mL of dichloromethane. Afterwards, the incubation mixture passed through the cartridge. This cartridge was washed with 6 mL ethyl acetate (which was discarded), and the sulforaphane was eluted with 3 mL of methanol. Finally, the methanol extract was evaporated to dryness at 42°C for 20 min and redissolved in 2 mL of acetonitrile. The resulting solutions were vortexed for 30 s and filtered through 0.45 lm membrane. A 20 lL aliquot was injected into the HPLC system.
HPLC conditions
HPLC analyses were carried out on a Waters E2695 liquid chromatograph (Waters Crop., Milliford, MA, USA) connected to a model 2998 (DAD) photodiode array detector and controlled by Waters Empower software. Using a reversed phase C 18 column (5 lm, 250 mm 9 4.6 mm; Agilent Technologies Co. Ltd., Santa Clara, USA). The solvent used was 30/70 acetonitrile/H 2 O (v/v), and the flow rate was set to 0.6 mL/min. The column temperature was 36°C. Sulforaphane was detected by spectrometer at 240 nm.
Response surface design
A three-level-four-factor Box-Behnken design (BBD) was employed after determining preliminary ranges of solidliquid ratio (X 1 ), hydrolysis time (X 2 ), addition of ascorbic acid (X 3 ) and temperature (X 4 ) through single-factor tests. The ranges of independent variables and their levels are presented in Table 1 . Sulforaphane production (Y) was considered as the response of the combination of independent variables. The behavior of the system was explained by the following quadratic equation:
where b 0 is an offset term and b i , b ii and b ij are the linear, quadratic and interaction regression coefficients, respectively. All experimental design and data analyses were carried out using Design-Expert V8.0.6.1 (Trial Version, State-Ease Inc., Minneapolis, MN, USA) software to estimate the responses of the independent variables.
Antioxidant activity assay
The sample extract was prepared as described by McInerney et al. (2007) and Yuan et al. (2010) with minor modifications. Duplicate samples (1 g) were extracted with 9 mL of 50% ethanol, and the sample was incubated at room temperature for 24 h in the dark. The suspension was centrifuged at 20009g for 10 min at 4°C, and the supernatants were collected for analysis. Antioxidant activity was measured using a T-AOC kit (Nanjing Jiancheng Biotech Inc., Jiangsu, China). One unit of antioxidant activity was defined as an increase in the absorbance of the reaction system by 0.01 per min per mg dry weight (DW) at 37°C. 
Statistical analysis
All data are presented as the mean ± standard deviation of three replicates. A t test was performed (a = 0.05) to determine whether or not differences in mean sulforaphane content of broccoli sprouts are significant.
Results and discussion
Effect of solid-liquid ratio on sulforaphane production
Broccoli sprouts (0.2 g) were homogenised in distilled water (pH 3.0) without addition of ascorbic acid and hydrolyzed at 55°C for 3 h. As can be observed in Fig. 1a , the solid-liquid ratio significantly influenced the content of hydrolytic products (p \ 0.05). Several reviews reported that a solid-liquid ratio between 1:10 and 1:40 is beneficial for sulforaphane formation (Powell et al. 2005; Guo et al. 2013; Kuang et al. 2013) . In the present research, a solid-liquid ratio of 1:30 was found to be optimum for sulforaphane production, which may reflect suitable conditions for myrosinase activity. Excessively high or low solid-liquid ratios were not efficient to sulforaphane formation.
Effect of hydrolysis time on sulforaphane production
Sulforaphane was produced from broccoli sprouts (0.2 g) homogenised in distilled water (pH 3.0, 8 mL) without addition of ascorbic acid and hydrolysed at 55°C. The effect of hydrolysis time on sulforaphane production is shown in Fig. 1b . Hydrolysis time was another factor that influenced hydrolytic product content. Han and Row (2011) reported that 4 h is an optimal hydrolysis time. Recent research (Guo et al. 2013) , however, identified 3 h as the best hydrolysis time. In the present study, 2 h was to be the best hydrolysis time for sulforaphane production; either shorter or longer hydrolysis times affected myrosinase activity. This result was in line with the work of Campas-Baypoli et al. (2010) . Choi et al. (2004) reported considerable differences in reaction time and observed that the reaction rate appears to depend on the structure of ITCs. Lower steric hindrance of aliphatic ITCs may favor 
Effect of ascorbic acid addition on sulforaphane production
The effect of ascorbic acid on sulforaphane production mainly depended on the amount of ascorbic acid added. Contents either less or greater than the appropriate amount reduced sulforaphane production (Shen et al. 2010 ). Ascorbic acid is reported to function as a co-factor that promotes myrosinase activity. Ascorbic acid may thus noncompetitively activate myrosinase or change its molecular structure (Shikita et al. 1999) . Broccoli sprouts (0.2 g) were homogenised in distilled water (pH 3.0, 8 mL), and hydrolysed at 55°C for 3 h. Addition of 0.8 mg (4 mg/g DW) ascorbic acid to broccoli sprouts in the present study yielded the highest content of sulforaphane (Fig. 1c) . Addition of 0.2 mg of ascorbic acid to 0.2 g of broccoli sprouts was reported by Guo et al. (2013) . The difference between these two results may be attributed to the diversity of broccoli sprouts.
Effect of temperature on sulforaphane production
Temperature is an important factor affecting sulforaphane production. The optimal temperature for myrosinase activity ranged from 20 to 70°C (Travers-Martin et al. 2008) . Heating the broccoli sprouts or florets to 60°C could significantly decrease ESP activity and thus increase sulforaphane formation (Pérez et al. 2014 ). Broccoli sprouts (0. 2 g) were homogenised in pH 3. 0 distilled water (8 mL), and hydrolysed for 3 h. Figure 1d shows that temperature between 50 and 65°C affect sulforaphane formation; here, the optimum temperature appeared to be 60°C. This result may be explained by the fact that both solubility and mass transfer rate increase with temperature. Temperature-induced increases in mass transfer rates promote rapid equilibrium (Powell et al. 2005) .
Statistical analysis and the model fitting
BBD with a total of 29 runs, four factors and three levels was used to fit a second-order response surface and optimise the extraction conditions. The process variables and experimental data are shown in Table 1 , while the results of analysis of variance, goodness-of-fit and the adequacy of the models are shown in Table 2 . The maximum value (240.14 ± 3.19 lg/g DW) of sulforaphane production was observed at a solid-liquid ratio of 1:30, hydrolysis time of 1 h, ascorbic acid content of 0.8 mg and temperature of 65°C. The parameters of the equation were obtained by multiple regression analysis of the experimental data. The 
The coefficient R 2 = 0.9928 indicated that 99.28% of the total variation can be explained by the model equation. The value of the adjusted coefficient of determination (R adj 2 = 0.9857) showed that the model is significant. The model p value (prob [ F) was\0.0001, which also suggests that the model is highly significant. The F-value for the lack of fit was insignificant (p [ 0.05), which confirms the validity of the model. As well, the coefficient of variation of the model (CV = 2.37%) indicated considerably high degrees of precision and reliability of the experiment values.
The linear effects of solid-liquid ratio, hydrolysis time, ascorbic acid content and temperature were all significant (p \ 0.05) for sulforaphane production (Table 2) . Interactive terms between solid-liquid ratio and ascorbic acid content (p \ 0.05), as well as between hydrolysis time and temperature (p \ 0.05) were significant for sulforaphane production. The quadratic term of solid-liquid ratio, hydrolysis time and ascorbic acid were significant (p \ 0.01). These results indicate that both hydrolysis time and temperature perform dominant functions during sulforaphane production.
Optimisation of glucosinate enzymolysis conditions for sulforaphane production
The results of sulforaphane production influenced by the interaction of variables are presented in Fig. 2 . Response surface plots were constructed by plotting two independent variables while two other variables were fixed at zero level. The 3-D response surface and contour plots in Fig. 2a (ascorbic acid and temperature at zero levels) show that sulforaphane production initially increases and then gradually decreases as the solid-liquid ratio increased from 1:20 to 1:40. The same trend was observed when hydrolysis time was increased from 1 to 3 h. In Fig. 2b , hydrolysis time and temperature were fixed at zero levels. Results obtained show that sulforaphane production initially increases and then gradually decreases as the solid-liquid ratios increased from 1:20 to 1:40 and ascorbic acid addition increased from 0.6 (3) to 1.0 mg (5 mg/g DW). Under a fixed hydrolysis time and ascorbic acid at zero levels (Fig. 2c) , sulforaphane production initially increased and then gradually decreased when as the solid-liquid ratio increased from 1:20 to 1:40; this trend also increased as temperature increased from 55 to 65°C. The 3-D and contour plots in Fig. 2d , wherein the solid-liquid and temperature were set to zero levels, show that sulforaphane production increases initially and then decreases gradually as the hydrolysis time increases from 1 to 3 h; the same trend was observed as ascorbic acid addition increased from 0.6 (3) to 1.0 mg (5 mg/g DW). In Fig. 2e , sulforaphane production initially increased and then gradually decreased as hydrolysis time increased from 1 to 3 h. Production also invariably increased as temperature increased from 55 to 65°C. These results are further confirmed in Fig. 2f , which shows solid-liquid ratio and hydrolysis time fixed at zero levels, sulforaphane production initially increased and then gradually decreased as ascorbic acid addition increased from 0.6 (3) to 1.0 mg (5 mg/g DW); production also consistently increased when temperature was increased from 55 to 65°C.
According to the single-factor study and analysis of Fig. 2 , the optimal enzymolysis conditions for sulforaphane production are as follows: solid-liquid ratio of 1:30.21, hydrolysis time of 1.51 h, ascorbic acid content of 3.95 mg/g DW, and temperature of 65°C. Under these conditions, the predicted maximum sulforaphane amount produced is 246.95 lg/g DW.
Model verification
Verification of the model equation was tested by using the selected optimal conditions. The maximum content of sulforaphane was 253.58 ± 0.72 lg/g DW. This result agree with the value predicted by the model, and no significant differences (p [ 0.05) were observed. These findings suggest that the model is valid and practical.
Change in sulforaphane contents during different growth and storage days
After irrigation, sulforaphan contents, which ranged between 3.80 and 233.80 lg/g DW, evidently changed during growth days 2-9 (Fig. 3a) . Sulforaphane contents remained higher in 2-5-day-old sprouts than in sprouts of other days; in fact, maximum values were observed on day 5 (233.80 lg/g DW). Similar results were reported by Fahey, who found that 3-day-old sprouts contain maximun amount of sulforaphane (20-fold compared with that in mature broccoli) (Fahey et al. 1997) . Previous research has shown that broccoli sprouts exhibit decreased sulforaphane production during the first 3-7 days (Pérez-Balibrea et al. 2008) . Glucoraphanin contents and sulforaphane formation also decline with sprout growth (Guo et al. 2014b) . Sulforaphane is a sulfur-containing isothiocyanates that is hydrolyzed from glucosinolates by myrosinase. Sulforaphane production decreased with seed growth because of degradation of glucosinolates to support the formation of other sulfur-containing compounds, particularly under lowsulfur conditions (Falk et al. 2007 ). Much of the reduction in concentration may be simply a result of plant expansion, which diluted the compounds and decreased their content per weight unit (Doughty et al. 1991) . Therefore, the above results were reasonable.
The effect of cold storage on sulforaphane concentration was examined by placing 5-day-old broccoli sprouts into -20 and 4°C conditions for 1 week. Equal-quality broccoli sprouts were weighed daily for a week and collected the sprouts which in the same storage condition together. The results in Fig. 3b show that freezing (-20°C, 1 week) was more favourable for retaining sulforaphane than refrigeration (4°C, 1 week). Using the 5-day-old broccoli sprouts as frozen materials, the trend of sulforaphane content (Fig. 3c ) was observed to initially increase and then sharply decrease during different storage days. Broccoli sprouts stored for 4 D retained maximum sulforaphane contents nearly 1555.95 lg/g DW. Previous studies have shown that low temperatures result in longer shelf lives than room temperatures because the former promotes better color appearance and lower respiration during storage. Most of the researchers just studied the temperature above 0°C, depends on the advantage of both visual quality and glucosinolate content (Jones et al. 2006) . However, glucosinolate contents in broccoli are best maintained by freezing (Rodrigues and Rosa 1999) . At temperatures below 0°C (-20°C, which can be easily implemented at home), sulforaphane production increases because of glucosinolates in vacuoles and myrosinase attached to the intracellular membrane. When broccoli sprouts freezes and expands, the plant tissue is broken down and glucosinolatemyrosinase system can contact easily, forming an abundance of sulforaphane (Rosa et al. 1997) . Meanwhile, when plant growth condition changed sharply, it can activate glucosinolate-myrosinase system, thus affecting the content of sulforaphane (GU et al. 2012) . However, the decline in sulforaphane content also may due to degradation of glucosinolate and dilution of plant expansion (Doughty et al. 1991; Falk et al. 2007) .
Hence, fresh broccoli sprouts possess high sulforaphane contents during early germination and maintain high levels of the compound when briefly stored at -20°C.
Change in total antioxidant activity during different growth and storage days
The total antioxidant activity of broccoli sprouts during different growth and storage days are shown in Fig. 4a, b , respectively. The total trend of antioxidant activity was increased on the first day and then declined during different Fig. 3 The sulforaphane production during different growth days, storage condition and storage days growth days. During storage, antioxidant activity initially declined, increased sharply on the third day, and then continued to decrease thereafter. Previous studies have reported that the antioxidant activity of radish sprouts gradually decreased from days 3-7. The sulforaphane content and total antioxidant activity did not show significant correlation. Similar results were reported by Yuan et al. (2010) . Sulforaphane is not a direct-acting antioxidant because the isothiocyanate group hardly participates in oxidation or reduction reactions under physiological conditions. Numerous factors, such as phenolic compounds, vitamin C, glucosinolates and so on, could affect antioxidant activity. A significant positive correlation between antioxidant activity and phenolic compounds of radish sprouts has been reported (Kim et al. 2006) , and low temperature (-20°C) have been observed to contributed to higher total antioxidant activity, as reported by Mahn et al. (2012) Total polyphenols contents are only slightly affected by freeze-drying conditions. In our previous research, young broccoli sprouts contain lots of health-promoting compounds, such as phenolic, Anthocyanin and Flavonoids (Tian et al. 2016 ). All these compounds may contribute to their antioxidant activity. In summary, broccoli sprouts in the early growth and middle storage days during a week contain high levels of antioxidant compounds. This result could also be brought by different genotype, we will verify the hypothesis in the future.
Conclusion
In the present study, several factors, including solid-liquid ratio, hydrolysis time, ascorbic acid addition and temperature, presented significant effects on sulforaphane production from glucosinolate. This study is the first to analyse the interactive relationship among the four factors, described above; in particular, we found that the interactive terms between solid and liquid ratio and ascorbic acid, as well as those between hydrolysis time and temperature, are significant for sulforaphane production. The results of sulforaphane content and total antioxidant activity in broccoli sprouts during different growth and storage days showed that broccoli sprouts in early growth and middle storage days during a week contain high levels of antioxidant compounds. The model obtained by RSM as well as new results can help researchers accumulate sulforaphan for pharmaceutical and commercial use.
